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The nucleoprotein of inﬂuenza B virus (BNP) shares several characteristics with its inﬂuenza A virus
counterpart (ANP), including localization in the host's nucleus. However, while the nuclear localization
signal(s) (NLS) of ANP are well characterized, little is known about those of BNP. In this study, we showed
that the fusion protein bearing the BNP N-terminus fused with GFP (N70–GFP) is exclusively nuclear, and
identiﬁed a highly conserved KRXR motif spanning residues 44–47 as a putative NLS. In addition, we
demonstrated that residues 3–15 of BNP, though not an NLS, are also crucial for nuclear import. Results
from mutational analyses of N70–GFP and the full-length BNP suggest that this region may be required
for protection of the N-terminus from proteolytic cleavage. Altogether, we propose that the N-terminal
region of BNP contains the NLS and cleavage-protection motif, which together drive its nuclear
localization.
& 2013 Elsevier Inc. All rights reserved.Introduction
Both inﬂuenza A and B viruses belong to the Orthomyxoviridae
family, characterized by segmented single-stranded RNA genome of
negative polarity. Each RNA segment is packaged as viral ribonucleo-
protein (vRNP) comprising nucleoprotein (NP) and the heterotrimeric
polymerase complex, which is in turn made up of the PB2, PB1 and PA
subunits (Lamb and Choppin, 1983; Neumann et al., 2004). Incoming
inﬂuenza virus enters susceptible host cells through endocytosis, and
its hemagglutinin glycoproteins undergo a low pH-mediated confor-
mational change, resulting in membrane fusion and the release of
vRNPs into the cytoplasm (Huang et al., 2003; Lakadamyali et al.,
2003). In addition, reduction in pH was found to dissociate M1
proteins from the vRNPs, subsequently allowing vRNPs to be imported
into the nucleus to initiate the primary round of transcription (Bui
et al., 1996).
Translocation of a large protein (440 kDa) from the cytoplasm
into the nucleus generally requires the presence of a nuclear localiza-
tion signal (NLS) within the protein. Despite the lack of speciﬁc
consensus sequences, the NLS often bears short sequences of basic
amino acids (Kalderon et al., 1984; Kosugi et al., 2009a; Robbins et al.,
1991), which mediate binding to proteins of the karyopherin or
importin family, including importin α and β (Gorlich and Mattaj,
1996; Pemberton and Paschal, 2005). The protein complex is subse-
quently imported into the nucleus through the nuclear pore. Once
inside the nucleus, the protein complex interacts with RanGTP,ll rights reserved.
wattana).resulting in dissociation of the cargo protein from its carrier
(Kuersten et al., 2001; Lott and Cingolani, 2011; Pemberton and
Paschal, 2005). Mounting evidence has demonstrated that nuclear
translocation of vRNP is accomplished through a classical pathway
using importin α1, α5 and possibly β in the presence of NP (O'Neill
et al., 1995). The NP of inﬂuenza A virus (ANP) was shown to mediate
nuclear import of vRNP via at least two NLS sequences. NLS1 is a non-
classical motif residing in the ﬁrst 13 residues in the N-terminal region,
while NLS2 consists of residues 198–216 in the middle of the protein
(Cros et al., 2005; Ozawa et al., 2007; Wu et al., 2007). Both NLSs have
been shown to be responsible for independently mediating the
nuclear import of vRNP, as disruption of only one of the two did not
abolish vRNP nuclear import (Wu et al., 2007a). Recent evidence from
ultrastructural analysis, however, suggests that NLS1 of ANP might be
a more potent mediator of nuclear translocation for incoming vRNPs
(Wu et al., 2007b).
Incoming vRNPs of inﬂuenza B virus are similarly imported into the
nucleus, with the nucleoprotein of inﬂuenza B virus (BNP) also found
to accumulate in the nucleus upon transfection or infection (Deng
et al., 2011). However, although ANP and BNP exhibit similar function,
it is not yet clear whether nuclear import of BNP is driven by NLSs in
the same manner as ANP. Sequence analyses of ANP and BNP and the
recently resolved crystal structure of BNP revealed a number of
characteristics of BNP distinct from ANP (Ng et al., 2012). First, BNP
is longer than ANP due to its extended N-terminal region. Moreover,
both NLS1 and NLS2 reported in ANP are absent in BNP (Stevens and
Barclay, 1998). Interestingly, results from an earlier study suggested
that the NLS of BNP does not reside in the extended N-terminal region
after showing that BNP lacking this region could still translocate to the
nucleus upon transfection (Stevens and Barclay, 1998). However, the
Fig. 1. Subcellular localization of the N-terminal region of BNP tagged with GFP. Residues 1–70 of B/Lee/40 and B/Maryland/1/59 were fused in-frame with the
N-terminus of GFP, generating the N70 fusion proteins. The plasmid expressing each N70–GFP was transfected into HEK293T cells and expression of GFP was examined at
12 h after transfection. The plasmid expressing untagged GFP was used as a control.
A. Wanitchang et al. / Virology 443 (2013) 59–6860NLS of BNP has thus far remained undeﬁned. In striking contrast, our
recent ﬁnding using similar methods showed that BNP of B/Lee/40
lacking the N-terminal amino acids (residues 1–70) was mostly
localized in the cytoplasm (Wanitchang et al., 2012). This variant of
BNP was also unable to generate detectable activity when assembled
with functional polymerase proteins in the mini-genome assay.
This discrepancy prompted us to further investigate the role of
the extended N-terminal region in the nuclear import of BNP.
In our experiments presented in this report, we assessed
the subcellular localization of the fusion protein in which the
N-terminal region of BNP (N70) was tagged with the green
ﬂuorescent protein (N70–GFP) and examined the effect of trunca-
tion and/or mutation of the protein in terms of nuclear import. We
showed that N70–GFP was predominantly localized in the nucleus.
Moreover, variants truncated from both N- and C-terminal ends
were found to have severely impaired nuclear translocation.
Notably, mutagenesis of highly conserved amino acids spanning
residues 3–15 and 44–47 also blocked nuclear import of N70–GFP
as well as the full-length BNP. Taken together, our ﬁndings indicate
that the N-terminal region plays a pivotal role in the nuclear
localization of BNP.Results
The GFP fusion protein bearing the N-terminal region of BNP localizes
in the nucleus
Recently, we reported that BNP lacking the ﬁrst 70 amino acids
(ΔN70-BNP) was unable to accumulate in the nucleus upon
transfection, suggesting that the N-terminus might contain the
NLS necessary for nuclear accumulation of BNP (Wanitchang et al.,
2012). To further investigate this ﬁnding, we generated a constructthat links green ﬂuorescent protein (GFP) to the N-terminal region
of BNP derived from B/Lee/40 (N70–GFP) to assess whether the
putative NLS contributes to fusion protein subcellular localization.
As shown in Fig. 1, N70–GFP was detected exclusively in the
nuclear compartment after transfection into HEK293T cells.
Nuclear accumulation was observed as early as 12 h after transfec-
tion (Fig. 1). Likewise, localization of N70–GFP in which N70 was
derived from B/Maryland/1/59 virus was also predominantly
nuclear (Fig. 1). These results suggest that nuclear localization of
BNP is mediated through a putative NLS located in the N-terminus.
Truncation of N70 abrogated the ability of N70–GFP to localize
in the nucleus
To further deﬁne the N-terminal motif that contains the
putative NLS, we constructed N- and C-terminally truncated
variants of N70 fused to GFP (Fig. 2A). These constructs were
subsequently transfected into HEK-293T cells to assess changes in
the nuclear localization. Expression patterns of the fusion proteins
were scored as predominantly nuclear (N4C), cytoplasmic and
nuclear (N¼C) or predominantly cytoplasmic (C4N). Data
obtained from at least three independent assays for each construct
and are depicted in Fig. 2B. To our surprise, none of the constructs
recapitulated the nuclear localization pattern observed for the full-
length N70–GFP (Fig. 2B, C). It is, however, interesting that all
constructs bearing N70 truncated from the N-terminus (Δ15, Δ30,
Δ45 and Δ60) were found to disperse throughout the cytoplasm
and nucleus (Fig. 2B), thereby suggesting that the ﬁrst 15 amino
acids of N70–GFP were critical for nuclear import. Nevertheless,
results from serial truncations of the N70–GFP C-terminal end also
revealed that most of the constructs with the ﬁrst 15 amino acids
intact (N15–GFP, N30–GFP, and N45–GFP) also distributed evenly
throughout the entire cell except for the mutant with a 10 amino acid
Fig. 2. Nuclear accumulation of N70–GFP is compromised in both N-terminally and C-terminally truncated constructs. (A) Schematic representation of different serially
truncated N70–GFP fusion protein constructs used in this study. The N70 amino acid residues subjected to deletion are indicated above the full-length construct. Number
1 indicates the ﬁrst ATG in the N70–GFP protein; the green box represents the GFP tag. (B–D) HEK293T cells were transfected with pHW2000 plasmids expressingΔ15-, Δ30-, Δ45-,
Δ60-, N15-, N30-, N45- and N60-, and Δ15-60-GFP proteins. At 12 h after transfection, cells were stained with Hoechst 33342 at room temperature for 20 min before microscopic
analysis. Unless otherwise noted, subcellular localization of GFP was scored as predominantly cytoplasmic (C4N), cytoplasmic and nuclear (N¼C) or predominantly nuclear
(N4C). Results are the mean of three independent experiments. More than 100 cells per sample were counted in each experiment.
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stantial level of nuclear accumulation (Fig. 2C). In addition, internal
deletion of residues 15–60 also resulted in the distribution of
fusion protein throughout transfected cells (Fig. 2D). Collectively,
these results suggest that multiple regions of the N-terminal region
of BNP (N70) are critical for directing nuclear accumulation of
N70–GFP.
Highly conserved residues at position 44–47 (K44RTR47) are essential
for N70–GFP nuclear import
Since nuclear import is critical for BNP in exerting its function
during FluB replication, we presumed that the motif(s) necessary
for nuclear localization should be highly conserved throughout its
evolution. Indeed, sequence analysis of the 518 BNP sequences
available in the NCBI's inﬂuenza virus resource (Bao et al., 2008)
revealed that the N70 region bears at least two highly conserved
regions spanning from residues 1–20 and residues 30–52 (Fig. 3A).The ﬁnding that N45–GFP, the fusion protein which contains only
the ﬁrst 45 amino acids of BNP, was not localized in the nucleus
(Fig. 2B) prompted us to speculate that the putative NLS that
drives nuclear translocation of N70–GFP might be located between
residues 45–60 of N70–GFP. We thus investigated further the
contribution of the highly conserved region spanning residues
30–52 of N70–GFP. To this end, we generated three modiﬁed N70–
GFP constructs in which we substituted highly conserved residues,
namely (i) L38 and P40, (ii) K44 and R45, and (iii) P49,S50 and P51,
with alanine, transfected each construct into HEK293T cells, and
assessed GFP localization. We found that only the N70–GFP variant
with K44A and R45A modiﬁcations gave rise to GFP expression
distributed evenly throughout the cell (Fig. 3B). While the variant
with L38A and P40A still accumulated predominantly in the
nucleus, we observed that the construct with P49A, S50A and
P51A mutations showed strong nuclear localization with slight
expression of GFP in the cytoplasm (Fig. 3B). It is also interesting to
note that transfection with a plasmid expressing N70–GFP bearing a
Fig. 3. The domain spanning the highly conserved residues at position 44–47 of N70 is a putative NLS of BNP. (A) Illustration of consensus amino acids of the N70 region
retrieved from GenBank (n¼518). Highly conserved amino acids are presented in black, whereas those with relatively high diversity (less than 95% conservation) are shown
in red. Residues indicated with “n” are those with 100% conservation and “:” are those with more than 99% conservation. (B) N70–GFP was subjected to site-directed
mutagenesis to substitute highly conserved residues at positions 38 and 40 (L38, P40); 44 and 45 (K44, R45); and 49, 50 and 51 (P49, S50, P51) with alanine. Each resulting
plasmid was transfected into HEK293T cells and subcellular localization of GFP was assessed 12 h after transfection. (C). pHW2000–BNP-myc was modiﬁed to substitute K44
and R45 with alanine and subsequently transfected into HEK293T cells. At 12 h after transfection, cells were subjected to immunoﬂuorescence as well as western blot
analyses using mouse anti-Myc antibody as a probe. Cells transfected with unmodiﬁed pHW2000–BNP-myc were used as a control in both assays. The unaltered expression
level of β-actin serves as a loading control for the western blot.
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diffuse distribution throughout the cytoplasm and nucleus (Fig. 3B).
To further address whether mutation of the K44RTR47 motif would
affect nuclear import of full-length BNP, we engineered the full-
length BNP to harbor A44ATR47 mutations and assessed its subcellular
localization in HEK293T cells by immunoﬂuorescence. As expected,
we found that while full-length BNP predominantly localized in the
nucleus, BNP bearing the A44ATR47 mutation was exclusively cyto-
plasmic (Fig. 3C). We also performed western blot analysis of cell
lysates of transfected cells to verify BNP expression. BNP with
A44ATR47 mutation also displayed the same size as the wild-type
BNP in the western blot, despite showing different subcellular
localization pattern from each other (Fig. 3C). Taken together, these
results indicate that the K44RTR47 motif of N70–GFP is crucial for its
nuclear localization and that it possibly functions as the NLS of BNP.
Deletion of the ﬁrst 15 residues of N70–GFP substantially impaired its
nuclear accumulation
Despite bearing the putative NLS, the Δ15-GFP construct gave
rise to an evenly distributed GFP signal in transfected cells
(Fig. 2B). This ﬁnding suggests that the ﬁrst 15 residues are also
necessary for nuclear import of N70–GFP and that anotherFig. 4. The ﬁrst 15 amino acid residues are critical for nuclear import of N70–GFP.
Δ3-GFP or (ii) replace conserved aspartic acids at positions 5 and 7 with alanine (M4DID
the ﬁrst 9, 11 and 12 amino acids resulting in the construction of Δ9-, Δ11- and Δ12-GFP.
was included in each construct. All plasmids were transfected into HEK293T cells. At 12 h
subcellular localization.putative NLS possibly resides in this region. To investigate the
role of the ﬁrst 15 residues in the nuclear localization of N70–GFP,
we ﬁrst attempted to determine the contribution of the two in-
frame start codons at position 1 and 4 of N70. To this end, we
removed the ﬁrst start codon, resulting in shortening of the fusion
protein by 3 residues (Δ3-GFP). Upon transfection, we found that
the Δ3-GFP fusion protein was mainly localized to the nucleus,
though with slightly decreased GFP intensity compared with N70–
GFP (Fig. 4A). These data indicate that the ﬁrst three amino acids
are not required for nuclear accumulation of N70–GFP. Given that
residues 8–15 showed some degree of variation (Fig. 3A), residues
4–7 (M4DID7) were considered potentially important for N70–GFP
nuclear localization. To address this issue, we performed site-
directed mutagenesis of N70–GFP to substitute aspartic acids at
positions 5 and 7 with alanines (M4DID7 to M4AIA7) and assessed
the mutant's subcellular localization upon transfection. To our
surprise, we found that nuclear accumulation of N70–GFP bearing
M4AIA7 was minimally affected (Fig. 4A). We subsequently exam-
ined the N-terminal residues of N70–GFP further by removing the
ﬁrst 9, 11 or 13 amino acids of N70–GFP (Δ9-, Δ11- and Δ13-GFP)
and assessed the mutants' subcellular localization in transfected
cells. As depicted in Fig. 4B, while Δ9-GFP was mainly localized to
the nucleus, deletion of two extra amino acids (Δ11-GFP) severely(A) N70–GFP was modiﬁed to (i) remove the ﬁrst ATG, resulting in construction of
7 to M4AIA7). (B) N70–GFP was modiﬁed to harbor truncated variants by removing
Amino acids of interest are shown in red. To enable protein expression, a start codon
after transfection, cells were stained with Hoechst 33342 and investigated for GFP
A. Wanitchang et al. / Virology 443 (2013) 59–6864impaired the ability of the fusion protein to accumulate within the
nucleus. In addition, removal of another two amino acids (Δ13-
GFP) rendered the fusion protein to substantially accumulate in
the cytoplasm. These results suggest that the presence of amino
acid residues 3–13 is required for the nuclear import of BNP.
Residues 3–15 are not NLS but are required to stabilize N70–GFP and BNP
Since the expression of Δ9-GFP was markedly different from
those of Δ11-GFP and Δ13-GFP, it is possible that residuesFig. 5. Mutations at the conserved N10XGTID15 motif minimally affect the nuclear acc
substitute N10, G12, T13, I14 and D15 residues with alanine. (B) The plasmid bearing D15
G12AAA15). Moreover, N70–GFP was also modiﬁed to replace N10GTID15 with LQ (PstI cut
after transfection, cells were stained with Hoechst 33342 and investigated for GFP subcencompassing this region might function as another NLS. To reﬁne
the role of each amino acid spanning the N10TGTID15 cluster, we
substituted each residue with alanine and examined the subcel-
lular localization of each resulting variant. Notably, we did not
generate T11A because alanine is commonly found in this position
in a number of BNPs. Surprisingly, we found that all these N70–
GFP variants displayed intense green ﬂuorescence predominantly
in the nuclear compartment, with only marginal ﬂuorescence
signal detected in the cytoplasm in some variants (Fig. 5A). When
we introduced double and triple mutations to the cluster, namelyumulation of N70–GFP. (A) N70–GFP was subjected to site-directed mutagenesis to
A was further modiﬁed to contain double and triple alanine residues (G12TAA15 and
ting site) by inverse PCR. All plasmids were transfected into HEK293T cells. At 12 h
ellular localization.
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strong nuclear localization of GFP (Fig. 5B). Moreover, we also
found that substitution of the entire N10TGTAA15 motif with an
unrelated shorter sequence of amino acids (NTGTID-LQ) only
slightly affected the nuclear localization of the N70–GFP (Fig. 5B).
Collectively, these data suggest that the N10TGTID15 motif may not
function as an NLS but facilitate the nuclear import of N70–GFP via
a distinct mechanism.
To further investigate the role of residues 3–15 on nuclear
localization of N70–GFP, we performed western blot analysis on
cell lysates harvested from HEK293T cells transfected with a
plasmid expressing N70–GFP, its various N-terminally truncated
variants (Δ5-, Δ9-, Δ11-, Δ13-, Δ15-GFP) or the untagged GFP.
Interestingly, we found distinct protein band pattern for these
constructs. While N70–GFP formed a single band at approximately
37 kD, Δ5- and Δ9-GFP clearly resulted in two bands with a
common band slightly larger than the untagged GFP protein's
band. In addition, Δ11-, Δ13- and Δ15-GFP variants all gave rise to
a single band with a size identical to the lower band found in the
Δ5- and Δ9-GFP samples (Fig. 6). Notably, this pattern was not
observed with lysates of cells expressing C-terminally truncated
N70 (N15–, N30–, N45–, and N60–GFP) (Fig. 6). The correlation
between the presence of the common GFP band and the failure to
drive nuclear localization of N-terminally truncated N70–GFP
variants strongly suggested that the ﬂuorescence signal found
dispersed evenly in transfected cells may have been caused by GFP
released from N70, possibly through proteolytic cleavage.
To address this hypothesis, we constructed an N-terminally
truncated BNP (Δ15–BNP) and assessed its expression in trans-
fected cells. As shown in Fig. 7A, we observed two major bands in
samples obtained from Δ15-BNP-transfected cells with the lower
band's size very close to that of Δ70-BNP. This result suggests
that the Δ15-BNP was also cleaved in a similar fashion to theFig. 6. The ﬁrst 15 amino acid residues are required to prevent cleavage of N70–
GFP. HEK-293T cells were transfected with plasmids harboring various truncated
constructs of N70–GFP including Δ5-, Δ9-, Δ11-, Δ13-, Δ15-, N15-, N30-, N45- and
N60–GFP and subjected to western blotting using an anti-GFP antibody. Lysates
harvested from cells transfected with plasmids expressing N70–GFP or untagged
GFP were also included in the blot. The blots were stripped and reprobed for β-actin
as a loading control.N-terminally truncated N70–GFP. In line with the western blot
results, we also found that 15-BNP was distributed evenly in
transfected cells (Fig. 7B). Taken together, these data indicate that
residues 3–15 are critical for stabilizing BNP, possibly by prevent-
ing N70 from being cleaved by host proteases.
Cleavage of N70–GFP does not require the caspase cleavage site
Based onwestern blot data showing that the size of cleaved Δ15-
GFP is very close to the size of untagged GFP, we speculated that the
cleavage site might be near the end of the N70 region. Sequence
analysis of this region revealed that it is highly variable (Fig. 3A) and
tends to harbor multiple basic residues, which may potentially be
cleaved by several cellular proteases (Kido et al., 2012; Seidah, 2011;
Seidah and Chretien, 1999). More importantly, residues position 59–
62 (EAD61V/I) of BNP were shown to form a caspase cleavage site
(Zhirnov et al., 1999). Upon infection, BNP was found to be cleaved
by caspases, yielding 62- and 55 kD products (Zhirnov et al., 1999).
To determine whether disruption of the caspase cleavage site could
revert the localization phenotype and protect Δ15-GFP from clea-
vage, we modiﬁed the Δ15-GFP construct by substituting D61I62
with alanine and assessed the mutant's subcellular localization and
cleavage pattern upon transfection into HEK293T cells. As shown in
Fig. 7C, mutation of the caspase cleavage site did not have any effect
on GFP localization. In line with the nuclear localization results,
western blotting of the modiﬁed Δ15–GFP also showed no full-
length product compared to the wild-type Δ15-GFP (Fig. 7D). These
data collectively indicate that, without residues 3–15, the BNP
N-terminal region is susceptible to proteolytic cleavage independent
of the caspase cleavage site.Discussion
The importance of nuclear import of the inﬂuenza virus
polymerase complex during virus replication is well established.
Both FluA and FluB share this common feature where vRNPs
consisting of NP and three polymerase subunits, namely PB2,
PB1 and PA, are required to enter the host nucleus to exert their
functions. While the mechanism underlying nuclear import of ANP
has been extensively studied, little is known regarding how BNP
mediates nuclear entry of FluB vRNPs. In particular, although BNP,
like ANP, has been shown to efﬁciently accumulate in the nucleus
upon transfection of a plasmid expressing full-length BNP (Stevens
and Barclay, 1998; Wanitchang et al., 2012), the mechanism
responsible for this observation has thus far not been successfully
characterized. In this study, for the ﬁrst time to our knowledge, we
have identiﬁed the protein motifs in the N-terminal region of BNP
that play a pivotal role in regulating its nuclear import.
In contrast to our ﬁnding that the N-terminal region of BNP is
essential for nuclear translocation, the report by Stevens and
Barclay suggested otherwise but provided no explanation regard-
ing the underlying mechanism by which nuclear import might be
mediated (Stevens and Barclay, 1998). To demonstrate the nuclear
localization property of the N-terminus of BNP, we constructed the
fusion protein N70–GFP and assessed its subcellular localization in
mammalian cells. We observed that N70–GFP was found exclu-
sively in the nuclear compartment of transfected cells, suggesting
that the N70 of BNP contains a putative NLS necessary for its
nuclear import. Although it remains unclear why our data contra-
dict those reported previously, a few explanations can be sur-
mised. While Stephen and Barclay investigated BNP derived from
B/Ann Arbor/1/66 virus, our study used those of B/Lee/40 and
B/Maryland/1/59 viruses. Given that the difference in amino acid
sequences of the N-terminus of both BNPs are approximately 15%
(10 in 70 residues), it is possible that these differences might
Fig. 7. Absence of the ﬁrst 15 amino acid residues leads to cleavage of BNP. HEK293T cells were transfected with pHW2000 expressing full-length BNP-myc or engineered
BNP-myc to remove the ﬁrst 15 amino acids (Δ15-BNP; with the ﬁrst ATG retained to allow protein expression). Transfected cells were subjected to western blotting (A) and
immunoﬂuorescence (B) analyses using an anti-Myc antibody. (C) Δ15-GFP was subjected to site-directed mutagenesis to substitute D61I62 with alanine (DI61,62AA) and
subsequently transfected into HEK293T cells. At 12 h after transfection, cells were stained with Hoechst 33342 and assessed for GFP subcellular localization in comparison
to cells expressing the parental or modiﬁed Δ15-GFP plasmid. N70–GFP was included as a control. (D) Total cell lysates obtained from HEK293T cells transfected with GFP,
Δ15-GFP and Δ15-GFP with DI61,62AA mutations were subjected to western blotting using an anti-GFP antibody.
A. Wanitchang et al. / Virology 443 (2013) 59–6866account for differences in their nuclear localization mechanism. It is of
interest to note that the cNLS mapper tool analysis (Kosugi et al.,
2009a, 2009b) of the N-terminal sequence of B/Lee/40-derived BNP
predicts a bipartite NLS spanning residues 41–68 (P41SNKRTRNPSPER-
TTTSSETDIGRKIQK68). However, no NLS was predicted for the
N-terminal region of BNP derived from B/Ann Arbor/1/66 because
this BNP harbors an arginine at position 65 instead of the lysine
(underlined) found in the BNP of B/Lee/40. Notably, alignment of full-
length BNP sequences indicated that at least 18 out of 518 sequences
bear either an arginine or glycine at this position. More importantly,
we showed in this study that N60–GFP was found mainly in the
nuclear compartment (Fig. 2C), thereby suggesting that the presence
of K65might not be absolutely required for BNP nuclear accumulation.
Furthermore, it is not clear whether the B/Ann Arbor/1/66 virus used
in the previous study was a wild-type or a cold-adapted, temperature-
sensitive strain. It is possible that the mutations accumulated during
serial passages might have affected the nuclear import of BNP, which
is in agreement with what was recently reported for ANP derived
from cold-adapted, temperature-sensitive inﬂuenza virus subtype
H5N1 (Siboonnan et al., 2013). Additionally, the possibility that BNP
of B/Ann Arbor/1/66 harbors an internal NLS, similar to the NLS2 of
ANP, cannot be ruled out. Further investigations are needed to
elucidate differences in the underlying mechanisms for nuclear
localization of BNP from different FluB strains.
Alignment of BNP N-terminal sequences revealed highly con-
served amino acid residues clustered in two regions, i.e., residues1–20 and 35–50 (Fig. 3A). We speculated that the NLS should also
be well conserved and that it most likely resided in these regions.
In fact, localization of N70–GFP variants with N-terminal BNP
truncated from both its N- and C-terminal regions indicated that
perturbation of both conserved regions adversely affected the
fusion protein's ability to induce nuclear transport. These data
point to the possibility that there might be multiple motifs
responsible for nuclear import of N70–GFP. One of the clusters of
amino acids characterized in our study bears the highly conserved
K44RTR47 motif that ﬁts the classic NLS consensus sequence, which
is constituted by a lysine in the P1 position, followed by basic
amino acids in positions P2 and P4, giving rise to the K(K/R)X(K/R)
motif (Lange et al., 2007). Results from most, if not all, proteins
bearing classic NLS indicate that once the NLS is recognized by
importin-α, the protein is imported into the nucleus by importin-
β-mediated interaction with the nuclear pore (Kuersten et al.,
2001; Lott and Cingolani, 2011; Pemberton and Paschal, 2005). It is
thus likely, though not investigated in this study, that BNP might
gain access to the nucleus via the pathway mediated by the
karyopherin family of nuclear transport proteins.
While the K44RTR47 motif is essential for nuclear import of BNP,
it is not sufﬁcient to drive import of the N70–GFP fusion protein
bearing this motif. Results from truncation analyses at the
N-terminus indicate that, while deletion of the ﬁrst 9 residues
did not affect nuclear import, further deletion of residues 10 and
11 led to mixed cytoplasmic-nuclear localization. N70–GFP was
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were further removed. These data prompted us to hypothesize
that the conserved motif encompassing residues 10–15,
N10TGTID15, might serve as another putative NLS for directing
nuclear translocation of BNP. However, to our surprise, results
from substitution of each residue of N10TGTID15 showed only a
minimal effect on nuclear import of N70–GFP, indicating that the
N10TGTID15 sequence does not have the required characteristic of an
NLS. In other words, residues 3–15 likely drive nuclear import of BNP
via a mechanism distinct from that mediated by the K44RTR47 motif.
Further analyses using western blotting and immunoﬂuorescence
assays indeed support this notion by showing that the absence of the
ﬁrst 15 residues resulted in cleavage of N70, suggesting that the
absence of the amino acids spanning residues 3–15 may trigger a
conformational change in the structure of BNP, which, in turn,
exposes the N70 region to host proteases. Moreover, we demon-
strated in this study that the caspase cleavage site at residues 61–62
are not required for cleavage of Δ15-GFP. Although it is not known
what proteases are responsible for cleaving the N70 of BNP, we
surmise, based on the putative cleavage site, that furin or furin-like
proteases may be good candidates for further study (Hosaka et al.,
1991; Matthews et al., 1994). It is also noteworthy that while cleavage
of Δ15-GFP was clearly detected in western blots, we found two
populations of Δ15-BNP representing full-length and cleaved BNP,
which suggests that there may be other motif(s) in the BNP that
partially protect N70 from protease cleavage.
In summary, this study makes two contributions to our knowl-
edge of FluB replication. The ﬁrst is the demonstration that the
N-terminal region of BNP plays an essential role in BNP nuclear
import. The second contribution addresses a new role of a so-
called cleavage-protection domain encompassing the ﬁrst 15
residues of BNP, which is remarkably distinct from the mechanism
mediated by the unconventional NLS of ANP proposed previously
(Cros et al., 2005; Ozawa et al., 2007; Wu et al., 2007a). The
association between BNP cleavage and the inability to access the
nucleus may foster future studies aimed at identifying new
antiviral targets.Materials and methods
Cell culture
Human embryonic kidney (HEK) 293T and Madin-Darby canine
kidney (MDCK) cells were cultured in growth medium containing
Opti-MEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomy-
cin and 100 U/ml amphotericin B (PAA Laboratories, Pasching,
Austria). Cells were maintained at 37 1C in a humidiﬁed atmosphere
of 5% CO2. Unless otherwise indicated, transient transfection experi-
ments in this study were performed using HEK293T cells. MDCK
cells were used for virus propagation and quantiﬁcation.
Virus and full-length BNP cloning
Inﬂuenza B viruses (B/Lee/40 and B/Maryland/1/59) were
purchased from the American Type Culture Collection (ATCC
#VR101, #VR296). The viruses were propagated in embryonated
chicken eggs or MDCK cells according to the provider's instruc-
tions and quantiﬁed by hemagglutination and plaque forming
assays. To obtain the full-length clone of BNP, allantoic ﬂuids
containing infectious virus particles were subjected to RNA extrac-
tion using the Virus DNA/RNA Extraction Kit (Geneaid Biotech,
New Taipei City, Taiwan) following the manufacturer's protocol.
Viral RNA was subsequently subjected to one-step reverse tran-
scription (RT)-PCR (Takara Bio, Shiga, Japan) using BNP-speciﬁcprimers described previously (Hoffmann et al., 2002). Full-length
BNP was digested with BsmBI and then subcloned into the
pHW2000 vector as described elsewhere (Hoffmann et al., 2000).
Plasmid constructions
Construction of pHW2000 plasmids expressing full-length BNP,
Myc-tagged BNP and ΔN70–BNP genes was performed as pre-
viously described (Wanitchang et al., 2012). For construction of
pHW2000–N70–GFP, the fragment encompassing the amino acid
residues 1–70 of BNP was obtained from pHW2000–BNP by high-
ﬁdelity PCR ampliﬁcation (Bio-Rad Laboratories, Hercules, CA,
USA). Full-length GFP was prepared from and pCruz–GFP (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) by double digestion with
XhoI/NotI restriction enzymes. Each fragment was subcloned into
MluI/NotI-digested pHW2000MN, a pHW2000 plasmid previously
modiﬁed to replace the BsmBI restriction site with MluI and NotI.
For construction of N-terminally truncated variants of N70–GFP,
N70–GFP was subjected to PCR ampliﬁcation using primers
designed to generate ΔN9–, ΔN11–, ΔN13–, ΔN15–, ΔΝ30–,
ΔΝ45– and ΔN60–GFP fragments, which were subsequently
digested with MluI/NotI and subcloned into MluI/NotI-digested
pHW2000MN. For construction of C-terminally truncated variants
of N70–GFP, speciﬁc fragments including N17, N30, N45 and N60
were PCR-ampliﬁed from pHW2000–BNP, double digested with
MluI/XhoI and subcloned into MluI/XhoI-digested pHW2000–
N70–GFP. For construction of pHW2000–N70–GFP plasmids bear-
ing internal deletion of N70, the plasmid was subjected to inverse
PCR as described elsewhere (Gama and Breitwieser, 2002). For
construction of pHW2000–N70–GFP with speciﬁc amino acid
substitutions, the plasmid was subjected to PCR-based site-direc-
ted mutagenesis as described previously (Wanitchang et al., 2011).
All plasmids generated in this study were sequenced to verify the
proper insert or correct mutation and to ensure the absence of
unwanted mutations. All primers used to generate PCR products in
this study were designed to harbor the optimal Kozak sequence
GCCACCaug(G/A) to ensure efﬁcient translation. The sequences of
all oligonucleotides used in this study are available upon request.
N70–GFP subcellular localization analysis
To assess subcellular localization of N70–GFP, HEK293T cells
were seeded in 24-well plates (1105 cells/well) and transfected
12 h later with plasmids expressing each variant of N70–GFP using
the Fugene HD transfection reagent (Promega, Madison, WI, USA)
by following the manufacturer's instruction. Brieﬂy, in a total
volume of 100 μl, plasmid DNA (500 ng) was mixed with Opti-
MEM media followed by adding 1.5 μl of transfection reagent.
The mixture was incubated at room temperature for 30 min before
dropwise addition to cell monolayers. At 8 h after transfection, two
drops of NucBlue™ Live Cell Stain containing the Hoechst 33342
nuclear counterstain (Invitrogen) were added to each well to allow
the dye to bind to DNA in the nuclei. Localization of N70–GFP was
examined using an Olympus IX51 ﬂuorescence microscope
(Olympus, Tokyo, Japan)
Immunoﬂuorescence
HEK293T cells were seeded in 8-well Lab-Tek chamber slides
(Thermo Scientiﬁc, Rochester, NY, USA) and transfected 12 h later
with the indicated variant of pHW–BNP–myc (250 ng/well). After
overnight incubation, transfected cells were ﬁxed and permeabi-
lized with ice-cold acetone at −20 1C for 10 min. Cells were washed
and blocked with 10% (v/v) FBS plus 1% bovine serum albumin (BSA)
in phosphate buffered saline (PBS) for 45 min at RT. Cells were
subsequently incubated with mouse anti-Myc mAb (Invitrogen) for
A. Wanitchang et al. / Virology 443 (2013) 59–68681 h at RT, followed by washing with PBS and incubation with
ﬂuorescein isothiocyanate (FITC)-conjugated anti-mouse Ab
(Abcam, Cambridge, MA, USA) diluted in 1% BSA for 1 h. After ﬁve
washes with PBS, coverslips were mounted onto glass slides using
VECTASHIELD mounting media with DAPI (Vector Labs, Burlingame,
CA, USA) and examined using an Olympus IX51 ﬂuorescence
microscope (Olympus).
Western blot
HEK293T cells were transfected with the indicated pHW–BNP–
myc plasmids for 48 h before being harvested and lysed with
mammalian cell lysis buffer (50 mM Tris–Cl, pH 7.5, 150 mM NaCl,
3 mM MgCl2, 1% NP-40) supplemented with complete protease
inhibitors (Roche Applied Science, Indianapolis, IN, USA). Cell
lysates were centrifuged; cleared supernatants were then resolved
by SDS-PAGE and transferred to a nitrocellulose membrane. The
protein blots were blocked with 5% skim milk followed by western
blotting using a mouse anti-Myc mAb (Invitrogen) or mouse anti-β
actin mAb (Santa Cruz Biotechnology), followed by horseradish
peroxidase-conjugated anti-mouse IgG (KPL, Gaithersburg, MD,
USA). Signals were detected using the SuperSignal West Pico
chemiluminescent substrate (Thermo Fisher Scientiﬁc).Acknowledgment
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